Abstract. The aim of the present study was to investigate the anticancer effect of resibufogenin in gastric carcinoma cells through the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/glycogen synthase kinase 3β (GSK3β) signaling pathway. MGC-803 cells were treated with 0, 1, 2, 4 and 8 µM resibufogenin for 12, 24 and 48 h. Cell viability and apoptosis were measured using an MTT assay and annexin V staining. Caspase-3 and caspase-8 activity were identified using caspase-3 and caspase-8 activity kits and a variety of protein expression [B cell lymphoma (Bcl)-2, Bcl-2-associated X protein (Bax), cyclin D1, cyclin E, PI3K, phosphorylated AKT, phosphorylated GSK3β and β-catenin] were quantified using western blot analysis. It was revealed that resibufogenin effectively inhibited cell proliferation, and induced apoptosis and caspase-3 and caspase-8 activity in MGC-803 cells. Furthermore, treatment with resibufogenin effectively increased Bax/Bcl-2 expression, and suppressed cyclin D1, cyclin E, PI3K, phosphorylated AKT, phosphorylated GSK3β and β-catenin protein expression in MGC-803 cells. These results suggest that the anticancer effect of resibufogenin induces gastric carcinoma cell death through the PI3K/AKT/GSK3β signaling pathway, offering a novel view of the mechanism by which resibufogenin functions as an agent to treat gastric carcinoma.
Introduction
Gastric cancer is a malignant tumor that has a marked impact on human health: There were 989,600 novel cases of gastric cancer in 2012 globally and 738,000 mortalities owing to gastric cancer, ranking fourth in cancer incidence and second in mortality rate (1) . China is a country with high incidence of gastric cancer, with 42% of patients with gastric cancer worldwide being in China (2) . The third nationwide retrospective sample survey revealed that gastric cancer is the third most common cause of cancer-associated mortality; since the census is not yet universal, ~30% of patients with stomach cancer are at locally advanced stage, 30% are subject to distant metastasis at the time of diagnosis, and the remaining 40% are resectable, among which 60% may experience relapse or metastasis. Therefore, ~84% of patients with gastric cancer eventually become advanced (3) .
Following research into human cancer, an increasing number of drugs are being developed to target tumor characteristics and are being applied clinically as molecularly targeted therapies (4) . In advanced gastric cancer, there has been progress in the research and application of molecular targeted drugs (5) . Subsequently, clinical studies on targeted drugs alone, including anti-human epidermal growth factor-2, -epidermal growth factor receptor, -MET and -phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mechanistic target of rapamycin signaling pathways as well as anti-angiogenesis, or in combination with chemotherapy for advanced gastric cancer have been reported (5, 6) .
Gastric cancer is a common cancer of the digestive system, of which the prognosis is poor when metastasis occurs in patients (7) . Gastric cancer is associated with the inactivation of tumor suppressor genes (7) . Recent studies have demonstrated that the Wnt signaling pathway is abnormally activated in certain types of cancer (7, 8) . Glycogen synthase kinase-3β (GSK3β) is an important molecule involved in the Wnt signaling pathway, which is a serine/threonine kinase involved in the regulation of microtubule dynamics, proliferation, apoptosis, angiogenesis and cell motility, as well as other functions (9) . GSK3β acts on substrates including oncogenic transcription factors and oncoproteins, to participate in the occurrence of certain tumors, and, for example, the inactivation of GSK3β phosphorylation results in the inhibition of GSK3β activity and the expression induces epithelial-mesenchymal transition, participating in tumor invasion and metastasis (9) .
Resibufogenin is a commonly used natural medicinal ingredient, extracted from the dried secretions of the Asiatic toad Bufo gargarizans, which is involved in a variety of biological activities, including analgesia, anti-inflammation, anesthesia, as well as anticancer, anti-radiation, cardiac protection, etc (10) . Therefore, it has important clinical value of medical treatment. It has been demonstrated that the traditional Chinese medicine Venenum Bufonis exhibits pharmacological activity in the clinical treatment of malignant tumors, prompting it to be of interest for further research (11) . According to the anticancer activity of Venenum Bufonis, a variety of active ingredients have been isolated (12) . As one of the active ingredients in Venenum Bufonis, resibufogenin, the natural medicine monomeric molecule, is hypothesized to induce the apoptosis of and inhibit the proliferation of tumor cells (13) . In the present study, the anticancer effect of resibufogenin induced in gastric carcinoma cells and potential underlying molecular mechanisms were investigated.
Materials and methods
Cell culture. Human gastric carcinoma MGC-803 cells were maintained and cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 2 mmol/l glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin, and cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . Resibufogenin was purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany), and its structural formula is presented in Fig. 1 .
Cell viability assay. The effects of resibufogenin on the proliferation of MGC-803 cells were determined using an MTT assay. MGC-803 cells were seeded in 96-well plates (1x10 4 cells/well) and then treated with 0, 1, 2, 4 and 8 µM resibufogenin for 12, 24 and 48 h at 37˚C. MTT was then added to the cells for another 4 h. Culture medium was removed and MTT formazan crystals were dissolved with dimethylsulfoxide. The viability of MGC-803 cells was determined at 490 nm using a microplate reader.
Determination of apoptosis using annexin V staining. The effects of resibufogenin on the apoptosis of MGC-803 cells were determined with annexin V staining. MGC-803 cells were seeded in 6-well plates (1x10 6 cells/well) and then treated with 0, 2, 4 and 8 µM resibufogenin for 48 h at 37˚C. Cells were resuspended in binding buffer (BD Biosciences, Franklin Lakes, NJ, USA) and stained with 5 µl annexin V-fluorescein isothiocyanate in darkness for 30 min at room temperature. Subsequently, 1 µl propidium iodide was added to 100 µl samples from each of the cell suspensions in darkness for 10 min at room temperature. The stained cells were measured using flow cytometry on a FACSCalibur instrument (v6, BD Biosciences).
Determining caspase-3 and caspase-8 activity using caspase activity kits. The effects of resibufogenin on caspase-3 and caspase-8 activity in MGC-803 cells were determined using caspase activity kits. MGC-803 cells were seeded in 96-well plates (1x10 4 cells/well) and treated with 0, 2, 4 and 8 µM resibufogenin for 48 h. N-acetyl (Ac)-Asp-Glu-Val-Asp-p-nitroanilide (pNA; C1116; Caspase 3 Activity Assay kit, Beyotime Institute of Biotechnology) and Ac-Ile-Glu-Thr-Asp-pNA (Caspase 8 Activity Assay kit, cat. no. C1152; Beyotime Institute of Biotechnology) were added to the cells and incubated for 1 h at 37˚C. Caspase-3 and caspase-8 activity were measured at 490 nm using a microplate reader.
Western blot analysis. Cells were lysed in buffer radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) for 30 min at 4˚C. Protein content was measured using bicinchoninic acid (Beyotime Institute of Biotechnology). Proteins (50 µg) in resulting cell lysates were separated by SDS-PAGE (8-10% gel) and electrotransferred onto polyvinylidene difluoride membranes. Following blocking with 5% nonfat dry milk in TBS containing 0.1% Tween-20 for 1 h at 37˚C, membranes were incubated with anti-Bax (cat. no. Statistical analysis. All data are expressed as the mean ± standard deviation. Statistical analysis of the data was performed using analysis of variance and Tukey's post-hoc test for comparison between treatments and controls. P<0.05 was considered to indicate a statistically significant difference. Fig. 2 reveal that resibufogenin inhibited cell proliferation of MGC-803 cell in a time-and dose-dependent manner. Following resibufogenin treatment for 24 and 48 h, 4 and 8 µM resibufogenin effectively inhibited the viability of MGC-803 cells; treatment with 8 µM resibufogenin for 12 h effectively inhibited the viability of MGC-803 cells. Resibufogenin groups were compared with the untreated control.
Results

Resibufogenin inhibits the growth of gastric carcinoma cells. Results presented in
Resibufogenin induces apoptosis of gastric carcinoma cells.
To investigate the anticancer effect of resibufogenin on the apoptosis of gastric carcinoma cells, the apoptotic rate was determined using flow cytometry following annexin V staining. Fig. 3 revealed that 4 and 8 µM resibufogenin significantly induced apoptosis of MGC-803 cells at 48 h, compared with the untreated control.
Resibufogenin induces caspase-3 and caspase-8 activity of gastric carcinoma cells. The molecular mechanism of apoptosis in the anticancer effect of resibufogenin was investigated in MGC-803 cells. Caspase-3 and caspase-8 activity of MGC-803 cell were determined using commercial kits. Fig. 4 indicated that 4 and 8 µM resibufogenin significantly increased caspase-3 and caspase-8 activity of MGC-803 cell at 48 h, compared with the untreated control.
Resibufogenin increases Bax/Bcl-2, and inhibited cyclin D1
and cyclin E protein expression in gastric carcinoma cells. The mechanism of apoptosis in the anticancer effect of resibufogenin was investigated in MGC-803 cells. Bax and Bcl-2 protein expression were measured using western blot analysis. The results demonstrated that Bax protein expression was significantly induced and Bcl-2 protein expression was significantly suppressed by treatment with 4 and 8 µM resibufogenin at 48 h, compared with the untreated control (Fig. 5A and B) . The results from western blot analysis revealed that cyclin D1 and cyclin E protein expression was significantly suppressed following treatment with 4 and 8 µM resibufogenin at 48 h, compared with the untreated control (Fig. 5A, C and D) .
Resibufogenin suppresses AKT/p-AKT, p-GSK3β and β-catenin protein expression in gastric carcinoma cells.
AKT/p-AKT protein expression of gastric carcinoma cell was investigated using western blot analysis. Resibufogenin treatment at 4 and 8 µM significantly decreased p-AKT, p-GSK3β and β-catenin protein expression in MGC-803 cell at 48 h, compared with the untreated control, respectively (Fig. 6) .
Discussion
Gastric cancer is the most common gastrointestinal malignant tumor with the most associated mortalities owing to its strong local invasiveness and easy metastasis (14) . The pathogenesis of gastric cancer is complex as a result of multiple factors, multiple genes and multiple stages, and in which the cell signal transduction pathway serves an important function in its occurrence and development (15) . The results of the present study demonstrated for the first time, to the best of our knowledge, that resibufogenin, a component of the traditional Chinese medicine Venenum Bufonis, inhibited viability and induced apoptosis in MGC-803 cells. Ichikawa et al (16) demonstrated that resibufogenin induces apoptosis of human malignant tumor cells.
The caspase family has >10 members which are among the most important factors in the apoptotic process (17) . The members of the caspase family serve distinct functions in the apoptotic pathway, in which caspase-2, -8, -9 and -10 are primarily involved in the initiation of apoptosis (17) . Caspase-3, -6 and -7 may be combined with a variety of substrates for hydrolysis, leading to chromatin condensation and nuclear disintegration, and are therefore apoptosis executioner proteins (18) . Currently, there are two pathways to trigger apoptosis, namely the extrinsic pathway and the intrinsic pathway. The intrinsic pathway is closely associated with the development of tumor cells (18) . The mitochondria undergo a series of changes in the intrinsic pathway, including the change in mitochondrial membrane permeability, the damage to the energy metabolic pathway, the release of cytochrome c, the activation of caspase family, which cause the cascade reaction mediated by caspase-9 and other key enzymes downstream. In addition, the mitochondria may promote apoptosis by generating free radicals, including reactive oxygen species (13) . In the present study, resibufogenin was identified to induce caspase-3 and caspase-8 activity in MGC-803 cells. This suggests that caspase activity is associated with the anticancer effect of resibufogenin in gastric carcinoma.
As aforementioned, caspase-3 induces apoptosis. In addition, growth factors may also mediate mitochondrial apoptotic pathway through the PI3K/AKT signaling pathway (19) in which growth factors identify and bind with its receptor, to activate PI3K (20) . The activated PI3K activates AKT (20) , which is an important factor in the regulation of Bcl-2-associated agonist of cell death (BAD) protein, an important member of the Bcl-2 family, involved in mitochondrial apoptosis (21). In addition, protein kinase C inhibits BAD, thus serving an important regulatory function in apoptosis (22) . The results of the present study suggest that resibufogenin treatment significantly decreases p-AKT protein expression in MGC-803 cells and that the growth suppression and cell death induced by resibufogenin may occur despite the decrease in p-AKT expression.
Following various types of cell stress signal, the pro-apoptotic proteins in the Bcl-2 gene family are activated and interact with anti-apoptotic proteins to inactivate the cell (8) . The anti-apoptotic and pro-apoptotic members in the Bcl-2 family proteins possess conserved α-helix and homologous domains (23) . When the mitochondria initiate apoptosis, the Bax protein family members are located downstream of the apoptotic signaling pathways, and Bcl homology (BH)3 domain-specific proteins act upstream of the signaling pathway (24) . Anti-apoptotic members of Bcl-2 family, such as Bcl-2 and Bcl-XL, contain homologous sequences BH1-BH4 (23) . The interactions between anti-and pro-apoptotic proteins undermine the stability of the mitochondrial membrane, causing the release of apoptotic factors from the mitochondria into the cytoplasm (24) . In the present study, it was revealed that resibufogenin significantly induced Bax/Bcl-2 protein expression in MGC-803 cells. Therefore, the effects of resibufogenin on Bax/Bcl-2 may be useful to the regulation of the anticancer effect on gastric carcinoma.
The Bcl-2 signaling pathway is also known as the mitochondrial apoptosis pathway. Bcl-2 is widely present in normal tissue and embryonic tissue cells, including nerve cells, skin cells, and embryonic kidney cells and cartilage. The Bcl-2 family serves an important function in apoptosis. Bcl-2 itself is able to block or delay the apoptosis induced by a variety of chemotherapeutic drugs by blocking the apoptosis signal transduction system. Wang et al (25) reported that resibufogenin inhibited cell proliferation by inducing the apoptosis of HepG2 cells by regulation of the Bax/Bcl-2 ratio. Therefore, Bcl-2 gene is also a survival gene.
A previous study demonstrated that the classical Wnt signaling pathway serves an important regulatory function in the cell proliferation, differentiation and migration, which are associated with a number of tumors with high incidence, such as gastric cancer (7). GSK3β is a type of multifunctional serine/threonine protein kinase (7) . A previous study identified that GSK3β is one of the major rate-limiting enzymes involved in glucose metabolism, which is able to phosphorylate glycogen synthase and inhibit glycogen synthesis (26) . A subsequent study demonstrated that GSK3β participates in important physiological processes including cell differentiation, proliferation and apoptosis, in addition to glucose metabolism (26) . As an important molecule of multimeric protein complex adenomatous polyposis coli (APC)/GSK3β/β-catenin in the classical Wnt signaling pathway, it serves a key function to phosphorylate serine/threonine residues at the N-terminus of β-catenin, to regulate β-catenin by forming a degradation complex with axin and APC (27) . It has been reported that GSK3β is overexpressed in a variety of tumor tissues, including kidney, colon and gastric cancer (26) . In the present study, resibufogenin significantly suppressed p-GSK3β protein expression of MGC-803 cells. Ichikawa et al (16) demonstrated that resibufogenin induces apoptosis of human malignant tumor cells through the degradation of cyclin D1 caused by the activation of GSK-3β. The results of the present study suggest that GSK3β expression may be involved in overcoming the anticancer effect of resibufogenin on gastric carcinoma cells.
As a cell cycle regulation factor, cyclin D1 is an important target gene of the classical Wnt signaling pathway (28) . A previous study demonstrated that cyclin D1 is overexpressed in gastric cancer; following the introduction of an antisense oligonucleotide probe to the gastric cancer cells of nude mice, cancer cell growth was markedly controlled following cyclin D1 inhibition and eventual loss of tumorigenicity (28) . Cyclin D1 expression and GSK3β expression are negatively associated. The Wnt signaling pathway is activated abnormally to promote the occurrence and metastasis of gastric cancer, with decreased expression of GSK3β in gastric tissue, thus contributing to the depolymerization of the multiprotein degradation complex APC/axin/GSK-3β/β-catenin, resulting in the accumulation and activation of β-catenin in the nucleus, thereby activating its target gene, cyclin D1, downstream (29) . Cyclin D1 is useful for monitoring the progress of gastric cancer clinically (30) . In the present study, resibufogenin suppression of cyclin D1 and cyclin E protein expression in gastric carcinoma cells was investigated. resibufogenin was demonstrated to significantly suppress β-catenin protein expression in MGC-803 cells. Ichikawa et al (16) demonstrated that resibufogenin induces apoptosis of human malignant tumor cells through the degradation of cyclin D1 caused by the activation of GSK3β. The results of the present study suggested that resibufogenin may suppress the cyclin D1-and cyclin E-independent pathway. Taken together, the results of the present study suggested that there is crosstalk between cyclin D1/E and β-catenin signaling pathways, affected by resibufogenin treatment on gastric carcinoma cells.
In conclusion, the results of the present study demonstrate for the first time, to the best of our knowledge, that resibufogenin effectively inhibits cell viability, induces apoptosis, and induces caspase-3 and caspase-8 activity in MGC-803 cells by suppressing the PI3K/AKT/GSK3β signaling pathway. Therefore, resibufogenin may be a possible treatment for gastric carcinoma.
